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Molecular evolutionary rate variation in Gossypium (cotton) was characterized using sequence data for 48 nuclear genes
from both genomes of allotetraploid cotton, models of its diploid progenitors, and an outgroup. Substitution rates varied
widely among the 48 genes, with silent and replacement substitution levels varying from 0.018 to 0.162 and from 0.000
to 0.073, respectively, in comparisons between orthologous Gossypium and outgroup sequences. However, about 90% of
the genes had silent substitution rates spanning a more narrow threefold range. Because there was no evidence of rate
heterogeneity among lineages for any gene and because rates were highly correlated in independent tests, evolutionary
rate is inferred to be a property of each gene or its genetic milieu rather than the clade to which it belongs. Evidence from
approximately 200,000 nucleotides (40,000 per genome) suggests that polyploidy in Gossypium led to a modest
enhancement in rates of nucleotide substitution. Phylogenetic analysis for each gene yielded the topology expected from
organismal history, indicating an absence of gene conversion or recombination among homoeologs subsequent to
allopolyploid formation. Using the mean synonymous substitution rate calculated across the 48 genes, allopolyploid
cotton is estimated to have formed circa 1.5 million years ago (MYA), after divergence of the diploid progenitors about
6.7 MYA.
Introduction
Molecular sequence data are widely employed as
molecular clocks to address questions of the absolute and
relative ages of various divergence events. A number of
methodological and biological phenomena may affect the
accuracy of molecular clock–based estimates (Gaut 1998;
Hillis, Moritz, and Mable 1996; Sanderson 1998; Soltis
et al. 2002). Major issues include rate heterogeneity caused
by various evolutionary factors (e.g., generation time,
germ-line processes, metabolic rate); difficulties in inter-
preting fossil or biogeographic data against which a clock
might be calibrated; use of nonindependent lineages for
calibration; and the inappropriate usage of calibrations on
lineages for which they were not intended. One of the most
significant factors is rate variation among genes, even at
putatively neutral sites. Early surveys based on a dozen or
fewer genes reported only a twofold to threefold variation
in synonymous substitution rates (Wolfe, Sharp, and Li
1989; Gaut 1998), but recent studies reveal higher levels
of intergenic rate variation (Kusumi et al. 2002; Tiffin and
Hahn, 2002; Zhang, Vision, and Gaut 2002). Because rates
of nuclear gene evolution within an organism vary so
widely, sampling only one or a few genes in molecular clock
applications can lead to high variance in divergence time
estimates when only a single clock calibration is employed.
A reasonable strategy to minimize this problem would be
to sample multiple genes so that an average rate may be
estimated. This is not to claim that other important sources
of error do not exist; in particular, clock calibration and
lineage-specific effects remain vexing and, to a certain
extent, intangible problems. However, minimizing the issue
of intergenic rate variation would appear to be an achievable
and worthwhile goal. In the present study, we applied this
rationale to a model system from Gossypium (cotton),
employing sequence variation at 48 nuclear genes.
Gossypium L. contains 50 species whose phyloge-
netic relationships have been explored using multiple
molecular data sets (Seelanan, Schnabel, and Wendel
1997; Small et al. 1998; Cronn et al. 2002b). Data indicate
that shortly after its origin, Gossypium experienced rapid
divergence (Cronn et al. 2002b), leading to modern
monophyletic lineages that vary in chromosome size and
interfertility (so-called ‘‘genome groups’’ A through G and
K). There are five natural polyploids in the genus, which
apparently spawned from a single polyploidization event
1 to 2 MYA (Cronn et al. 1996; Small et al. 1998; Wendel
and Cronn 2003). All are ‘‘AD’’ genome tetraploids,
combining an A-genome donated by the maternal diploid
parent at the time of polyploid formation and a D-genome
from the pollen parent (Galau and Wilkins 1989; Wendel
1989; Wendel and Cronn 2003). Among extant species, G.
herbaceum L. and G. arboreum L. are the closest relatives
of the A-genome progenitor, and G. raimondii Ulbrich is
the best model of the D-genome progenitor (reviewed in
Wendel and Cronn 2003). These two genome groups
diverged from each other early in the evolution of the
genus, perhaps 7 to 11 MYA (Seelanan, Schnabel, and
Wendel 1997; Cronn et al. 2002b). Notably, the A-genome
is about twice the size of the D-genome (2C 5 3.8 pg
versus 2.0 pg), and these size differences are perpetuated
in the natural polyploids, which exhibit an additive
genome size (Wendel et al. 2002 and references therein).
Economically important polyploid species include G.
barbadense L. (Sea Island and Pima cotton) and G.
hirsutum L. (upland cotton).
Because of the absence of a fossil record, divergence
times in Gossypium have been estimated primarily using
molecular clock assumptions. These estimates have been
based either on thermal denaturation-renaturation studies
Key words: Gossypium, cotton, polyploidy, molecular clock,
substitution rates, evolution.
E-mail: jfw@iastate.edu.
Mol. Biol. Evol. 20(4):633–643. 2003
DOI: 10.1093/molbev/msg065
 2003 by the Society for Molecular Biology and Evolution. ISSN: 0737-4038
633
 at Iow
a State U
niversity on O
ctober 7, 2015
http://m
be.oxfordjournals.org/
D
ow
nloaded from
 
T
ab
le
1
E
vo
lu
ti
on
ar
y
P
ro
pe
rt
ie
s
of
A
nn
ot
at
ed
C
ot
to
n
G
en
e
Se
qu
en
ce
s
S
eq
u
en
ce
P
ro
p
er
ti
es
K
V
al
u
es
a
N
am
e
G
en
e
F
u
n
ct
io
n
G
en
B
an
k
A
cc
es
si
o
n
N
u
m
b
er
s
A
li
g
n
ed
L
en
g
th
R
ep
la
ce
m
en
ts
S
il
en
t
S
it
es
K
a
K
si
l
K
A
6
(E
a0
0
0
3
M
0
7
f)
U
n
k
n
o
w
n
A
F
5
1
7
6
4
6
–
A
F
5
1
7
6
5
0
5
2
2
0
4
4
8
0
.0
0
0
0
.0
5
2
0
.0
4
6
B
5
(E
a0
0
0
8
D
2
2
)
G
er
m
in
E
p
ro
te
in
p
re
cu
rs
o
r
A
Y
1
1
6
1
6
7
–
A
Y
1
1
6
1
7
1
6
6
9
7
2
2
6
0
.0
1
4
0
.0
6
1
0
.0
3
0
B
7
(E
a0
0
1
0
C
0
9
)
P
o
ly
u
b
iq
u
it
in
A
Y
1
1
7
0
5
5
–
A
Y
1
1
7
0
5
9
6
1
6
0
1
3
8
0
.0
0
0
0
.0
6
8
0
.0
1
5
B
8
(E
a0
0
1
0
N
1
2
)
C
A
A
X
-p
re
n
y
l
p
ro
te
as
e
A
Y
1
1
5
4
9
6
–
A
Y
1
1
5
5
0
0
4
8
9
2
3
6
3
0
.0
0
4
0
.0
5
5
0
.0
4
2
C
3
(E
a0
0
1
4
A
2
1
)
S
y
n
ta
x
in
A
Y
1
1
7
0
6
0
–
A
Y
1
1
7
0
6
4
4
3
4
4
2
6
9
0
.0
1
4
0
.0
3
8
0
.0
2
9
C
7
(E
a0
0
1
5
F
0
6
)
S
A
H
7
p
ro
te
in
A
Y
1
1
7
0
6
5
–
A
Y
1
1
7
0
6
9
8
3
9
2
8
4
6
4
0
.0
7
3
0
.0
6
5
0
.0
6
8
D
1
(E
a0
0
1
7
C
0
1
)
L
IM
-d
o
m
ai
n
tr
an
sc
ri
p
ti
o
n
fa
ct
o
r
A
Y
1
1
7
1
1
0
–
A
Y
1
1
7
1
1
4
3
5
5
2
2
5
5
0
.0
0
8
0
.0
4
8
0
.0
5
6
D
2
(E
a0
0
1
7
H
1
3
)
IA
A
-r
es
p
o
n
si
v
e
p
ro
te
in
9
A
Y
1
1
6
1
6
2
–
A
Y
1
1
6
1
6
6
5
2
2
9
2
3
3
0
.0
1
7
0
.0
3
6
0
.0
2
5
D
5
(E
a0
0
1
7
N
0
7
)
T
ra
n
sp
o
rt
er
p
ro
te
in
A
Y
1
1
7
0
7
0
–
A
Y
1
1
7
0
7
4
9
0
9
2
0
2
6
9
0
.0
2
7
0
.0
4
6
0
.0
3
2
D
7
(E
a0
0
1
8
G
0
5
)
R
o
o
t
h
ai
r
d
ef
ec
ti
v
e
3
(R
H
D
3
)
A
Y
1
1
7
0
8
0
–
A
Y
1
1
7
0
8
4
8
6
4
6
6
4
7
0
.0
3
5
0
.0
4
9
0
.0
4
6
E
1
(E
a0
0
2
1
I1
1
)
F
la
v
o
n
o
id
3
9,
5
9-
h
y
d
ro
x
y
la
se
A
Y
1
1
7
0
8
5
–
A
Y
1
1
7
0
8
9
3
6
1
7
1
4
2
0
.0
2
0
0
.0
6
6
0
.0
3
8
E
3
(E
a0
0
2
1
L
0
7
)
R
G
A
1
p
ro
te
in
A
Y
1
1
7
0
7
5
–
A
Y
1
1
7
0
7
9
3
7
2
3
8
8
0
.0
0
5
0
.0
5
1
0
.0
1
6
E
5
(E
a0
0
2
2
I1
1
)
P
o
ll
en
su
rf
ac
e
p
ro
te
in
A
Y
1
1
7
0
9
0
–
A
Y
1
1
7
0
9
4
7
7
2
1
5
2
5
4
0
.0
2
3
0
.0
5
7
0
.0
3
5
E
9
(E
a0
0
2
3
A
1
9
)b
K
in
as
e-
as
so
ci
at
ed
p
ro
te
in
A
F
5
2
1
9
6
8
–
A
F
5
2
1
9
7
2
3
9
4
3
1
0
1
0
.0
0
7
0
.0
7
9
0
.0
3
5
E
1
1
(E
a0
0
2
3
B
1
8
)
B
et
a-
D
-g
lu
ca
n
ex
o
h
y
d
ro
la
se
–
li
k
e
p
ro
te
in
A
F
5
1
7
6
5
6
–
A
F
5
1
7
6
6
0
2
2
3
5
1
0
9
0
.0
2
7
0
.0
5
7
0
.0
4
2
F
4
(E
a0
0
2
4
M
1
1
)
E
th
y
le
n
e
re
ce
p
to
r
A
Y
1
1
7
0
9
5
–
A
Y
1
1
7
0
9
9
3
6
6
6
1
5
6
0
.0
1
2
0
.0
3
8
0
.0
2
3
F
8
(E
a0
0
2
5
J0
2
)
S
u
g
ar
tr
an
sp
o
rt
er
A
Y
1
1
7
1
0
0
–
A
Y
1
1
7
1
0
4
3
5
9
2
2
5
4
0
.0
1
3
0
.0
5
4
0
.0
4
3
F
1
2
(E
a0
0
2
5
P
1
3
)c
C
O
P
-1
in
te
ra
ct
in
g
p
ro
te
in
7
A
Y
1
1
6
1
5
7
–
A
Y
1
1
6
1
6
1
2
8
7
1
3
9
4
0
.0
5
2
0
.0
7
8
0
.0
6
0
G
3
(E
a0
0
2
6
N
1
6
)
Q
u
in
o
n
e
o
x
id
o
re
d
u
ct
as
e
A
Y
1
1
7
1
0
5
–
A
Y
1
1
7
1
0
9
3
0
5
3
1
8
2
0
.0
1
7
0
.0
3
4
0
.0
2
8
G
8
(E
a0
0
2
8
I1
2
)b
F
la
v
o
n
o
id
3
9-
h
y
d
ro
x
y
la
se
A
F
5
2
5
9
4
1
–
A
F
5
2
5
9
4
5
1
4
4
3
3
2
0
.0
2
3
0
.0
7
5
0
.0
3
4
G
1
1
(E
a0
0
2
9
C
0
8
)
S
u
lf
at
e
tr
an
sp
o
rt
er
A
Y
1
1
6
1
5
2
–
A
Y
1
1
6
1
5
6
3
4
4
3
1
4
3
0
.0
0
4
0
.0
8
5
0
.0
3
8
H
1
2
(E
a0
0
3
3
L
2
1
)
IA
A
-A
la
h
y
d
ro
la
se
A
F
5
1
7
6
5
1
–
A
F
5
1
7
6
5
5
2
8
8
1
0
1
2
5
0
.0
4
0
0
.0
7
1
0
.0
5
4
A
1
2
8
6
d
e
U
n
k
n
o
w
n
A
F
1
3
6
8
0
8
–
A
F
1
3
6
8
1
1
,
A
F
2
0
1
8
7
6
2
9
4
n
/a
n
/a
n
/a
0
.0
5
3
n
/a
A
1
3
4
1
d
e
U
n
k
n
o
w
n
A
F
1
3
6
8
1
3
–
A
F
1
3
6
8
1
6
,
A
F
2
0
1
8
7
7
6
6
6
n
/a
n
/a
n
/a
0
.0
4
2
n
/a
A
1
5
2
0
d
U
n
k
n
o
w
n
A
F
1
3
6
8
1
8
–
A
F
1
3
6
8
2
1
,
A
F
2
0
1
8
7
8
9
5
7
n
/a
n
/a
n
/a
0
.0
7
3
n
/a
A
1
5
5
0
e
A
ld
eh
y
d
e
d
eh
y
d
ro
g
en
as
e
A
F
2
0
1
8
8
9
–
A
F
2
0
1
8
9
3
1
4
4
6
4
1
1
1
1
0
.0
1
1
0
.0
5
8
0
.0
5
2
A
1
6
2
3
U
n
k
n
o
w
n
A
F
1
3
9
4
7
4
–
A
F
1
3
9
4
7
7
,
A
F
2
0
1
8
7
9
7
1
9
1
4
4
2
5
0
.0
4
1
0
.0
3
9
0
.0
4
0
A
1
6
2
5
d
,e
U
n
k
n
o
w
n
A
F
1
3
9
4
1
7
–
A
F
1
3
9
4
7
0
,
A
F
2
0
1
8
8
0
1
0
4
8
n
/a
n
/a
n
/a
0
.0
3
5
n
/a
A
1
7
1
3
d
,e
U
n
k
n
o
w
n
A
F
1
3
9
4
4
2
–
A
F
1
3
9
4
4
5
,
A
F
2
0
1
8
8
1
5
9
3
n
/a
n
/a
n
/a
0
.0
5
0
n
/a
A
1
7
5
1
S
u
b
ti
li
si
n
-l
ik
e
p
ro
te
as
e
A
F
1
3
9
4
3
7
–
A
F
1
3
9
4
4
0
,
A
F
2
0
1
8
8
3
8
0
7
8
2
1
9
0
.0
0
9
0
.0
4
7
0
.0
1
9
A
1
8
3
4
e,
f
P
u
ta
ti
v
e
al
p
h
a-
m
an
n
o
si
d
as
e
A
F
1
3
9
4
5
2
–
A
F
1
3
9
4
5
9
8
8
2
n
/a
n
/a
n
/a
n
/a
n
/a
G
1
1
2
1
e
U
n
k
n
o
w
n
A
F
1
3
9
4
3
2
–
A
F
1
3
9
4
3
5
,
A
F
2
0
1
8
8
4
7
4
9
3
4
3
9
0
.0
0
6
0
.0
5
0
0
.0
3
2
G
1
1
3
4
d
,e
U
n
k
n
o
w
n
A
F
1
3
9
4
2
7
–
A
F
1
3
9
4
3
0
,
A
F
2
0
1
8
8
2
5
4
6
n
/a
n
/a
n
/a
0
.0
4
0
n
/a
G
1
2
6
2
e
P
-g
ly
co
p
ro
te
in
A
F
0
6
1
0
8
5
–
A
F
0
6
1
0
8
7
,
A
F
0
6
1
0
8
9
,
A
F
2
0
1
8
8
5
8
8
8
1
4
8
8
3
0
.0
1
3
0
.1
1
7
0
.0
3
7
A
d
h
A
A
lc
o
h
o
l
d
eh
y
d
ro
g
en
as
e
A
A
F
0
8
5
0
6
4
,
A
F
0
9
0
1
4
6
,
A
F
1
3
6
4
5
8
–
A
F
1
3
6
4
5
9
9
5
1
3
4
6
7
0
.0
0
7
0
.0
5
5
0
.0
3
1
A
d
h
B
e
A
lc
o
h
o
l
d
eh
y
d
ro
g
en
as
e
B
A
F
2
2
6
6
3
2
–
A
F
2
2
6
6
3
5
1
5
3
4
1
7
1
8
7
0
.0
2
0
0
.1
6
2
0
.0
2
8
A
d
h
C
b
A
lc
o
h
o
l
d
eh
y
d
ro
g
en
as
e
C
A
F
0
3
6
5
6
8
–
A
F
0
3
6
5
6
9
,
A
F
0
3
6
5
7
4
–
A
F
0
3
6
5
7
5
1
6
8
0
1
5
8
6
8
0
.0
1
8
0
.0
9
4
0
.0
5
3
A
d
h
D
e
A
lc
o
h
o
l
d
eh
y
d
ro
g
en
as
e
D
A
F
0
5
9
4
1
8
,
A
F
2
5
0
2
0
3
–
A
F
2
5
0
2
0
5
1
5
5
6
1
4
1
0
4
2
0
.0
2
3
0
.0
5
9
0
.0
4
8
A
d
h
E
e,
f
A
lc
o
h
o
l
d
eh
y
d
ro
g
en
as
e
E
A
F
2
5
0
2
0
8
–
A
F
2
5
0
2
1
1
1
6
2
9
n
/a
n
/a
n
/a
n
/a
n
/a
C
es
A
1
C
el
lu
lo
se
sy
n
th
as
e
A
F
1
3
9
4
4
2
–
A
F
1
3
9
4
4
5
,
A
F
2
0
1
8
8
6
4
0
2
5
2
0
1
8
0
8
0
.0
0
7
0
.0
4
9
0
.0
2
6
C
es
A
2
C
el
lu
lo
se
sy
n
th
as
e
A
F
1
3
9
4
4
7
–
A
F
1
3
9
4
5
0
,
A
F
2
0
1
8
8
7
2
2
3
5
1
2
8
5
7
0
.0
0
4
0
.0
8
7
0
.0
3
7
C
L
K
1
P
ro
te
in
-a
ss
o
ci
at
ed
k
in
as
e
A
Y
1
2
4
0
7
2
–
A
Y
1
2
4
0
7
6
2
2
9
3
1
0
1
5
8
0
0
.0
1
6
0
.0
4
8
0
.0
4
1
M
Y
B
1
R
2
R
3
-M
Y
B
tr
an
sc
ri
p
ti
o
n
fa
ct
o
r
1
A
Y
1
1
5
5
0
1
–
A
Y
1
1
5
5
0
5
1
0
6
6
1
2
3
4
2
0
.0
1
3
0
.1
0
1
0
.0
4
0
M
Y
B
2
R
2
R
3
-M
Y
B
tr
an
sc
ri
p
ti
o
n
fa
ct
o
r
2
A
Y
1
1
5
5
0
6
–
A
Y
1
1
5
5
1
0
5
5
1
1
1
1
7
4
0
.0
2
6
0
.0
4
5
0
.0
3
2
M
Y
B
3
R
2
R
3
-M
Y
B
tr
an
sc
ri
p
ti
o
n
fa
ct
o
r
3
A
F
3
7
7
3
0
7
–
A
F
3
7
7
3
0
8
,
A
F
3
7
7
3
1
6
,
A
F
3
7
7
3
1
8
,
A
Y
1
1
5
5
1
1
6
6
2
1
2
1
9
2
0
.0
2
1
0
.0
8
1
0
.0
4
0
M
Y
B
4
R
2
R
3
-M
Y
B
tr
an
sc
ri
p
ti
o
n
fa
ct
o
r
4
A
Y
1
1
5
5
2
2
–
A
Y
1
1
5
5
2
4
(A
1
,
D
5
,
D
t)
3
8
5
1
1
1
2
0
0
.0
2
5
0
.0
9
7
0
.0
5
0
M
Y
B
5
R
2
R
3
-M
Y
B
tr
an
sc
ri
p
ti
o
n
fa
ct
o
r
5
A
Y
1
1
5
5
1
2
–
A
Y
1
1
5
5
1
6
1
0
5
7
1
6
3
6
6
0
.0
1
9
0
.0
5
2
0
.0
4
0
634 Senchina et al.
 at Iow
a State U
niversity on O
ctober 7, 2015
http://m
be.oxfordjournals.org/
D
ow
nloaded from
 
or on a small number of genes (Endrizzi, Katterman, and
Geever 1989; Wendel 1989; Seelanan, Schnabel, and
Wendel 1997; Cronn, Small, and Wendel 1999; but see
Cronn et al. 2002b). Our objective here was to examine the
extent of nuclear gene rate variation among genes and
lineages in Gossypium and to use the resulting data set to
generate a clearer understanding of the temporal compo-
nents of the evolutionary history of Gossypium. We also
wished to explore patterns of gene evolution in polyploid
cotton, using as a comparative framework orthologs from
the diploid progenitors. Previous studies (Cronn, Small,
and Wendel 1999; Small and Wendel 2000) suggested that
rates of sequence evolution may be enhanced in
allopolyploid Gossypium relative to its diploid progenitors,
although this pattern was difficult to statistically verify due
to the relative recency of polyploid formation. Perhaps
a more extensive sampling of genes would provide
additional power to test the intriguing hypothesis that
polyploidization leads to accelerated molecular evolution-
ary rates.
Materials and Methods
Genes Studied
The 48 genes selected (table 1) were from previous
molecular phylogenetic studies and from ongoing inves-
tigations of genes expressed in developing cotton fibers.
Many genes were chosen based on presumptive identi-
fications after Blast searches of sequences derived from
a G. arboreum cv. AKA8401 cotton fiber cDNA library
(details of library at http://cfg.ucdavis.edu). Criteria for
gene selection included likely importance in fiber de-
velopment as well as copy number. We also included five
Adh genes (Small et al. 2000), six genes encoding R2R3-
MYB transcription factors (Loguercio, Zhang, and Wilkins
1999; Cedroni et al. 2002), two cellulose synthase genes
(Cronn, Small, and Wendel 1999), and other putative
single-copy genes (Cronn, Small, and Wendel 1999;
Cronn et al. 2002b).
Copy number for all genes in both the diploids and
the tetraploids was determined using standard methods of
Southern hybridization (Brubaker and Wendel 1994;
Cronn et al. 2002b; Small and Wendel 2000). These data
(not shown) also facilitated selection of orthologous as
opposed to paralogous genes, so that gene probes that
yielded hybridization profiles indicative of complex
multigene families were excluded from the study.
Plant Taxa
Species chosen for this study were based on the
organismal framework provided in figure 1. Gossypium
raimondii (unnamed accession) was chosen because it is
the best living model of the D-genome donor (Wendel and
Cronn 2003). The two A-genome diploids (G. arboreum
and G. herbaceum) are phylogenetically equidistant from
the A-genome progenitor of polyploid cotton and are thus
interchangeable for the present purposes; in most cases
G. herbaceum (GenBank accession numbers A1–73) was
used, but G. arboreum (GenBank accession numbers A2–
47) was substituted when amplification difficulties wereT
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encountered. To represent allopolyploid cotton, either
G. barbadense Pima S6 or G. hirsutum TM1 were used,
depending on the bacterial artificial chromosomes (BAC)
library used for sequence determination. To root phyloge-
netic trees and for purposes of providing reference
sequences for relative rate tests, we included Gossypioides
kirkii (Mast.) J. B. Hutchinson or Kokia kauiensis (Rock)
O. Deg. and Duvel, representatives of sister genera that
have been shown by phylogenetic analyses (Seelanan,
Schnabel, and Wendel 1997; Wendel et al. 2002) to
comprise the closest living relatives of Gossypium L.
DNAs were isolated from young leaves using previously
described protocols (Cedroni et al. 2002; Cronn, Small,
and Wendel 1999; Cronn et al. 2002b; Wendel et al.
2002).
Amplification and Sequencing
Primers for PCR amplification and sequencing were
designed as described elsewhere (Cedroni et al. 2002;
Cronn, Small, and Wendel 1999; Small and Wendel 2000)
or from cotton EST sequences in GenBank. A list of
primers is available at http://www.botany.iastate.edu/
;jfw/HomePage/jfwdata_sets.html. Two different ampli-
fication protocols were used on MJ Research thermocy-
clers. The first was a ‘‘touchdown PCR’’ method: 948C for
3 min; 10 cycles of 948C for 1 min, 568C for 1 min, and
728C for 2.5 min; 25 cycles of 948C for 1 min, 568C for
1 min, with a 0.68C decrease per cycle, and 728C for 2.5
min; 728C for 7 min. Others were amplified using a hot-
start method: 948C for 3 min; 30 cycles of 948C for 30 s,
548C for 30 s, and 728C for 1.25 min; 728C for 6 min.
Annealing temperature (488C to 668C) and extension time
(1 to 3 min) requirements varied by gene, and these
general conditions were adjusted on a gene-by-gene basis
as necessary. Sequences that amplified with difficulty were
cloned using standard T/A cloning protocols (pGem-T
Easy [Promega Inc.]) and then sequenced from plasmids.
For each gene studied, allopolyploid species contain
two homoeologous sequences, representing descendants of
those contributed by the A-genome and D-genome donors
at the time of polyploid formation. To isolate both
homoeologs, we used one of two approaches. In one,
heterogeneous PCR products were cloned after amplifica-
tion from genomic DNA and the two duplicates were
identified by restriction site analysis. Alternatively,
homoeologs were isolated individually by PCR off of
BAC clones derived from either G. hirsutum cv. Maxxa
(Tomkins et al. 2001) or G. barbadense cv. Pima S6
(A. Paterson, unpublished data). Since each BAC clone
contained only one of the two homoeologs, this latter
strategy proved effective in minimizing problems of in
vitro PCR recombination (Cronn et al. 2002a). BAC DNA
was isolated from 50 ml cultures using the Psi-Clone Big
BAC DNA Extraction Kit (Princeton Separations, Inc).
Automated sequencing was conducted using the ABI
Big Dye v. 2.0 fluorescent primers and ABI Prism 377-
3700 system at the Iowa State DNA Sequencing and
Synthesis Facility. GenBank numbers for all sequences,
aligned lengths for each gene, and putatively protein
functions are listed in table 1.
Data Analysis
Sequences were aligned using BioEdit (Hall 1999) v.
5.0.9 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html),
and the resulting alignments were adjusted manually.
DnaSP v. 3.53 (Rozas and Rozas 1999) was used to
estimate G1C content and substitutions per site for
synonymous (Ks), silent (Ksil, including both synonymous
and noncoding sites), and replacement (Ka) sites. Phylo-
genetic analyses and Kimura two-parameter estimates of
genetic distance were obtained using PAUP* (Swofford
1998). To evaluate possible rate heterogeneity among
Gossypium lineages, relative rate tests were performed
using the 1D tests of Tajima (1993). Analysis of variance
was performed to determine whether lineage-specific
estimates of divergence showed significant associations
with genomes (A or D; fixed effect), ploidy levels (2X or
4X; fixed effect), or loci (random effect). For these
analyses, evolutionarily inferred apomorphies for terminal
lineages (A and D diploid, At and Dt tetraploid) were
transformed into the number of inferred substitutions per
kb of sequence. Subsequent generalized linear model
analyses (PROC GLM in SAS v. 8.0; SAS Institute, Cary,
N. C.) utilized untransformed values. Data sets that lacked
outgroups (A1834 and AdhE), included known or
suspected pseudogenes (AdhC), or exhibited questionable
orthology (Myb4 and E11) were omitted from this
analysis. For this reason, the number of genes included
in analysis of variance was 43, rather than the 48 used in
other computations.
Results
The genes studied encode a diverse set of proteins,
including transcription factors, proteins presumed to be
important in fiber growth and development (Wilkins and
Jernstedt 1999), enzymes of intermediary metabolism, and
others. Of the 48 genes surveyed, eight could not be
assigned a function even though they showed high
similarity to cDNA sequences described from other
angiosperms. In these instances, exon and intron locations
were inferred from alignments between genomic and
cDNA sequences. The 48 genes had an average aligned
length of approximately 850 base pairs (bp), with align-
ments ranging from 144 bp (partial sequence of G8) to
4,025 bp (complete CesA1 sequence). For the five
sequences evaluated per gene, an average of nine
replacement substitutions occurred per alignment (range:
0 to 28), whereas the number of silent sites per alignment
averaged 406 (range: 32 to 1,808). As expected, the
average number of replacement substitutions between
Gossypium sequences and orthologs from the outgroup
(Ka 5 0.018) is much lower than the number of silent
substitutions (Ksil5 0.061), due to constraints at the amino
acid level.
On average, G1C content was higher in coding
(0.452 6 0.045) than in noncoding regions (0.329 6
0.039). G1C values for second (0.415 6 0.078) and third
(0.416 6 0.078) codon positions were similar.
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Gene Tree Topologies
Because diploid cottons diverged from each other
recently relative to the scale of molecular evolution for
single-copy nuclear genes, homoplasy was expected to be
low. This was indeed the case for all 48 genes, with
consistency indices ranging from 0.92 to 1.00, with a mean
of 0.99 across the 48 gene trees. Accordingly, parsimony
analysis yielded unambiguously resolved topologies that
are congruent with the well-documented (Cronn et al.
2002b; Wendel and Cronn 2003) phylogeny of Gossypium
shown in figure 1. One test provided by these 48 gene
trees is that of gene conversion or recombination between
homoeologs, which would be expected to lead either to
elevated homoplasy or an altered phylogenetic topology.
As shown previously for a smaller set of genes (Cronn,
Small, and Wendel 1999), there was no evidence in the 48
genes studied here for these forms of interlocus in-
teraction.
A composite phylogenetic tree with summed branch
lengths representing the total number of inferred sub-
stitutions (silent and replacement) is shown in figure 2.
Summed across branches, 816 substitutions are inferred to
have occurred in the gene regions sampled since
divergence of the A and D diploids from their common
ancestor, with a slight acceleration in the polyploid
genomes (total 5 867). Similarly, in both the A-genome
and the D-genome branches, more substitutions were
observed in the polyploid genome than in orthologs from
the corresponding diploid (123 versus 99 for the A-
genome; 181 versus 154 for the D-genome). As expected
from previous data (reviewed in Wendel and Cronn 2003),
G. herbaceum and G. arboreum are closer models of the
A-genome ancestor than G. raimondii is of the D-genome
donor; viz., branch lengths are shorter in the A-genome
(total of 222 substitutions) than in the D-genome (335
substitutions) clade (fig. 2).
Rate Variation Among Nuclear Genes
For each gene, we calculated Kimura two-parameter
distances (K2P) between the two genomes of Gossypium
polyploids (At and Dt), between the diploid progenitor
genomes (A and D); between each diploid and its
counterpart in allopolyploid cotton (A and At, D and
Dt), and between all species and the outgroup (table 2).
For the A-D comparison, the lowest K2P value was 0.003
(locus G8), whereas the highest estimate was 0.051 (locus
E11), with a mean of 0.022 and a median of 0.021. For the
At-Dt comparisons, the lowest K2P value was 0.008 (locus
A1520) and the highest was 0.054 (locus C7), with a mean
of 0.024 and a median of 0.023.
Because agronomic selection may have altered
molecular evolutionary patterns for genes involved in
fiber development, we parsed the data into ‘‘fiber’’ and
‘‘nonfiber’’ genes. In all interspecific comparisons and for
all genes (data not shown), including between wild and
domesticated species, K2P values for nonfiber genes (n 5
12) were nearly identical to those obtained for genes
expressed in fibers (n 5 36).
To explore in more detail the nature of substitutions
contributing to overall divergence in Gossypium, we
tabulated levels of synonymous (Ks), replacement (Ka),
and silent (Ksil) substitutions and Ka:Ksil ratios (table 3).
As expected from the organismal phylogeny, comparisons
between Gossypium and the phylogenetic outgroup
yielded the highest Ks and Ka values in all cases (see
also table 2). Average Ks and Ka values are higher in the
A-D and At-Dt comparisons than in the A-At and D-Dt
comparisons, as we would expect because the A-D
divergence occurred well before the formation of the
polyploids. Also, sequence divergence was lower in A-At
comparisons than in D-Dt, as noted above and as
evidenced by the summary in figure 2. Sequence di-
vergence amounts between the parental species (A and D)
and their respective genomes in the polyploid (At and Dt)
are not evidently different, although this is not easily
statistically tested since so much of their evolutionary
history is shared (the divergence estimates are not
independent). Replacement substitutions are lower in all
FIG. 1.—Phylogenetic framework for diploid and allopolyploid
Gossypium, illustrating divergence of the genus from its closest relatives
(the genera Kokia and Gossypioides), divergence of the A-genome and D-
genome diploids from their most recent common ancestor, and the
reunion of these two genomes upon polyploid (AD-genome) formation.
Divergence dates estimated from previous studies (Wendel 1989;
Seelanan, Schnabel, and Wendel 1997; Cronn et al. 2002b) are indicated,
as are species used in the present study (in parentheses).
FIG. 2.—Global phylogeny estimated from summed data across 46
genes. Branch lengths represent total numbers of substitutions (both silent
and replacement), and numbers in parentheses show the number of silent
substitutions. Two genes (A1834 and AdhE) were excluded because
outgroup sequences were unavailable.
Rate Variation Among Gossypium Nuclear Genes 637
 at Iow
a State U
niversity on O
ctober 7, 2015
http://m
be.oxfordjournals.org/
D
ow
nloaded from
 
pairings compared with corresponding Ks and Ksil
estimates.
Substitution ratios, specifically Ka:Ksil, can be in-
formative with respect to the strength and direction of
selection. If Ka:Ks , 1, then purifying selection is
implicated, presumably due to constraints at the level of
amino acid substitutions. If, however, Ka:Ks . 1, then
positive selection may be involved (Yang and Bielawski
2000). Results from table 3 yield no evidence of positive
selection, as Ka:Ksil values are all relatively low. Ka:Ksil
ratios for the A-At and D-Dt comparisons are higher than
for the A-D and At-Dt comparisons, but this likely is due
to stochastically large errors on ratios of small numbers
rather than selection. If selection was acting at the
tetraploid level, for example, due to functional diversifi-
cation of duplicated genes, then the At-Dt value should be
similarly high, but it is not.
For each gene, estimates of K2P were calculated
between the phylogenetic outgroup and each Gossypium
genome. Divergences between each ingroup sequence and
that of the outgroup were similar in all cases, as expected
under conditions of rate homogeneity and the phylogeny
provided in figure 1. This comparison provides an
informal relative rate test, suggesting that there is no rate
variation among the Gossypium taxa studied (as indicated
also by formal relative rate tests; see below).
Given the range in molecular evolutionary rates
among genes studied, it was of interest to explore the
distribution of rates among genes and estimate a mean rate
for both diploid and allopolyploid cotton. K2P values for
all 48 genes visually appeared to be approximately
normally distributed for both the A-D and the At-Dt
comparisons (not shown), but Shapiro-Wilk tests of
normality were marginally rejected at the 0.05 level. Mean
divergences for diploid versus polyploid sequences were
similar (0.0223 6 0.0015 versus 0.0236 6 0.0014), as
were standard deviations around these means (0.011
versus 0.010).
Rate Variation Among Gossypium Lineages
To explore whether rate heterogeneity existed among
Gossypium lineages for any of the 48 genes, we used the
Tajima relative rate test (Tajima 1993). In nearly all cases,
the resulting values were not significant, indicating
approximate rate equivalence among lineages for each
gene. Only four instances of significant (0.5 , P , 0.01)
rate heterogeneity were indicated among the nearly 200
tests, as expected by chance alone. These were accelerated
rates for the At homoeolog of C7, the D ortholog of G3,
the A ortholog of CLK1, and the D ortholog of GhMYB4.
Of these exceptions, C7 is perhaps the most interesting due
to the number of replacements (28 changes in 839 nt) and
the relatively high Ka:Ksil ratio (table 1). We note that the
two branches leading to A/At and D/Dt were long
considering the aligned length, suggesting that either C7
is a relatively fast-evolving gene or that we inadvertently
isolated paralogs from one of these two clades.
One implication of rate homogeneity is that the
evolutionary rate for each gene in table 1 is a property of
that gene rather than the particular Gossypium lineage to
which it belongs. To examine this suggestion further, we
calculated the correlation between synonymous substitu-
tion rates in A-At and D-Dt comparisons. Since these are
independent divergences, a high correlation is expected
only if molecular evolutionary rate reflects inherent
properties of the gene and/or its genomic context.
Pearson’s correlation coefficient for these two sets of
divergences, using Ks for the entire gene sequence (or just
the coding region when only exons were available) was
calculated to be 0.98, indicating a strong correlation.
Although relative rate tests and mean K2P divergence
levels indicated that orthologous genes in diploid Gos-
sypium accumulate nucleotide substitutions at approxi-
mately the same rate as their counterparts in the
allopolyploids, the branch lengths of figure 2 suggest that
there may be a slight elevation in molecular evolutionary
rate in the allopolyploid. As noted above, in both the
A-genome and D-genome branches, more substitutions
were observed in the polyploid genome (At and Dt) than
Table 2
Kimura Two-Parameter Distances for 48 Gossypium Genes
Comparisona K2P 1/2 Standard Error (Range)
A vs. D 0.022 1/2 0.011 (0.003–0.048)
A vs. At 0.007 1/2 0.008 (0.0–0.040)
D vs. Dt 0.010 1/2 0.007 (0.0–0.027)
At vs. Dt 0.024 1/2 0.010 (0.004–0.054)
A vs. outgroup 0.040 1/2 0.016 (0.016–0.107)
At vs. outgroup 0.042 1/2 0.017 (0.016–0.106)
D vs. outgroup 0.040 1/2 0.016 (0.011–0.101)
Dt vs. outgroup 0.040 1/2 0.016 (0.016–0.094)
Total aligned length 40,685
a Taxon codes are as follows: Gossypium arboreum or G. herbaceum (A), G.
raimondii (D), G. barbadense or G. hirsutum ‘‘A homoelog’’ (At), G. barbadense or
G. hirsutum ‘‘D homoeolog’’ (Dt), and Gossypioides kirkii or Kokia kauiensis
(outgroup).
Table 3
Molecular Evolutionary Rates in Various Comparisons Among Gossypium Taxa
Rate A-D A-At D-Dt At-Dt Ingroup-Outgroup
Ks 0.038 1/2 0.036 0.009 1/2 0.017 0.011 1/2 0.017 0.042 1/2 0.025 0.074 1/2 0.045
Ka 0.009 1/2 0.014 0.003 1/2 0.006 0.005 1/2 0.011 0.010 1/2 0.013 0.016 1/2 0.014
Ksil 0.031 1/2 0.014 0.007 1/2 0.007 0.011 1/2 0.007 0.032 1/2 0.017 0.059 1/2 0.023
Ka:Ksil 0.290 0.429 0.455 0.313 0.271
NOTE.—Ks, Ka, Ksil, and Ka:Ksil denote weighted (by nucleotides per gene) mean substitutions at synonymous sites, nonsynonymous sites, synonymous sites within
codons plus all noncoding positions, and ratio or replacement to silent sites, respectively. Taxon codes are as follows: Gossypium arboreum or G. herbaceum (A), G.
raimondii (D), G. barbadense or G. hirsutum ‘‘A homoelog’’ (At), G. barbadense or G. hirsutum ‘‘D homoeolog’’ (Dt), and Gossypioides kirkii or Kokia kauiensis
(outgroup). Ingroup-outgroup values are means among the pairwise comparisons between Gossypium and outgroup orthologs. N 5 48.
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in orthologs from the corresponding diploid (123 versus 99
for the A-genome;181 versus 154 for the D-genome). An
analysis of variance showed both a locus (P 5 0.003) and
a genome (D faster than A; P 5 0.001) effect but failed to
detect a significant effect due to ploidy level (P 5 0.16).
However, when the data were tabulated on a gene-by-gene
basis, there were 41 instances in which the number of
substitutions was higher in the branch leading to the
polyploid than to the diploid genome, whereas the reverse
was true in only 26 cases (in 31 cases they were equal).
Under the hypothesis of equal rates in polyploids and
diploids, this difference may be interpreted as marginally
significant (41 versus 26 with the expectation that these
numbers would be equal [v2 5 3.36; 0.10 . P . 0.05]).
Discussion
Rate Variation Among Gossypium Nuclear Genes
Inspection of the levels of silent substitution for 48
single-copy nuclear genes in Gossypium leads to several
observations and conclusions. First, the evolutionary rate
for a given gene appears largely to be a property of that
gene and/or its genomic milieu. This is evidenced by the
near-perfect correlation between silent site divergences
among the two independent lineage-pairs, A to At and D to
Dt, as well as the observation that rate heterogeneity is rare
among lineages (Tajima relative rate tests). The idea that
there exist genes and/or genomic regions that are more
variable than others is substantiated by a wealth of studies
in a diverse array of organisms. Possible explanations for
silent site rate variation among genes within an organism
include genomic location and possible correlates with local
levels of recombination and mutation (Begun and Aquadro
1992; Stephan and Langley 1998; Williams and Hurst
2000; Lercher and Hurst 2002; Zhang, Vision, and Gaut
2002), variation in GC content (Ticher and Grauer 1989),
variable codon usage biases (Sorhannus and Fox 1999;
Tiffin and Hahn 2002), and perhaps poorly understood
differences in chromatin structure that alter in unknown
ways the rate of fixation of mutations.
A second noteworthy aspect of the Gossypium data is
that silent substitution rates vary widely among genes. The
range of silent substitution amounts among the 48 genes
varies ninefold, from 0.018 to 0.162, although if the
highest two and lowest two values are excluded, the range
narrows considerably, from 0.035 to 0.101 (table 1). Thus,
90% of the values fall within a threefold range, which is
remarkably similar to the 2.6-fold range recently reported
for 242 gene pairs in Arabidopsis (Zhang, Vision, and
Gaut 2002). Our data contribute to and exemplify the
increasingly common reports of rate variation in a diverse
assemblage of organisms (Wolfe, Sharp, and Li 1989;
Moriyama and Gojobori 1992; Wolfe and Sharp 1993;
Collins and Jukes 1994; Moriyama and Powell 1996; Zeng
et al. 1998; Kusumi et al. 2002; Tiffin and Hahn 2002;
Zhang, Vision, and Gaut 2002). These examples, drawn
from across the phylogenetic spectrum, illustrate the
generality that intergenic rate variation is a fundamental
feature of complex eukaryotic genomes.
A third notable aspect of the Gossypium data
concerns the ratio of replacement to silent substitutions.
Mean Ka:Ksil ratios range from 0.271 to 0.455 for various
intergenomic comparisons (table 3), with the lowest ratio
corresponding to the greatest evolutionary distance
(ingroup-outgroup) and the highest ratios corresponding
to the smallest evolutionary distance (A-At and D-Dt).
This suggestion of a relationship between degree of
divergence and Ka:Ksil ratios is consistent with the notion
that some proportion of amino acid substitutions are
relatively neutral, vis-a`-vis protein function, and hence
nucleotide substitutions that cause these changes are
neutral or near-neutral. These sites might be expected to
behave more like silent sites in terms of evolutionary rates,
but they also would become saturated more rapidly than
other replacement sites. Hence, as evolutionary distance
increases, the near-neutral replacement sites approach
saturation, but purifying selection on nonneutral sites
continues to retard accumulation of replacements. The net
effect is that Ka:Ksil ratios become smaller as evolutionary
distance increases (or, alternatively, that Ksil:Ka ratios
become larger). This proposal is consistent with other
studies involving more divergent taxa than those studied
here, although the correlation with time may not be
particularly tight due to the numerous other features that
potentially influence molecular evolutionary rate. For
anciently duplicated Arabidopsis genes, for example, the
Ks:Ka ratio is 5 (Zhang, Vision, and Gaut 2002), whereas
for rat and mouse the ratio is approximately 7 (Wolfe and
Sharp 1993). Among genera of Cupressaceae, which may
have diverged approximately 100 MYA, silent substitu-
tions outnumber replacements by sevenfold to eightfold
(Kusumi et al. 2002), with a similar ratio for 218 orthologs
from Arabidopsis-Brassica, representing perhaps 35 Myr
of divergence (Tiffin and Hahn 2002).
Phylogenetic Analysis and Independent Evolution
of Homoeologs
Parsimony analysis for each of the 48 genes led to the
recovery of the topology expected from our phylogenetic
understanding of Gossypium (fig. 2). These results confirm
and extend those of an earlier analysis of duplicate gene
evolution in allopolyploid Gossypium (Cronn, Small, and
Wendel 1999), which demonstrated that homoeologs in
polyploid cotton evolve independently of one another in
the allopolyploid nucleus. This stands in contrast to at least
some repetitive DNAs, which experience postpolyploid-
ization interlocus homogenization (Wendel et al. 1995) as
a consequence of one or more processes of concerted
evolution. Our results lend additional weight to the
suggestion that intergenomic interactions between dupli-
cated single-copy genes is uncommon in allopolyploids
(Cronn, Small, and Wendel 1999; Wendel 2000). A
similar conclusion was recently reached for 242 gene pairs
duplicated by ancient polyploidy in Arabidopsis, where
tests failed to provide evidence of gene conversion for any
of the duplicates (Zhang, Vision, and Gaut 2002).
Rates of Gene Evolution in Diploid and Allopolyploid
Gossypium
As shown in table 2, the mean K2P divergence of
orthologs between A-genome and D-genome diploid
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cottons for 48 single-copy nuclear genes is 0.022, a value
nearly identical to that obtained for the same genes isolated
from the two descendent genomes (At and Dt) in
allopolyploid cotton (0.024). Also, analysis of variance
failed to detect an effect of ploidy on rates of sequence
evolution. Thus, based on 40,000 nucleotides per taxon,
these analyses suggest equivalent rates of genic evolution
in diploid and allopolyploid cotton. We note, however,
that the total number of substitutions in branches leading
to the polyploid genomes (At and Dt) are approximately
20% higher than those of their diploid counterparts (fig. 2)
and that a marginally significant (0.10 . P . 0.05) effect
of polyploidy on nucleotide substitutions was revealed by
analysis of branch lengths on a gene-by-gene basis. These
data lead to the suggestion that polyploidy in Gossypium
has been accompanied by a modest rate enhancement, as
also suggested in an earlier study (Cronn, Small, and
Wendel 1999). Perhaps it is not surprising that the rate
acceleration is difficult to detect statistically, as polyploid
Gossypium formed relatively recently, and so branch
lengths are small and subject to proportionately high
stochastic variation.
Although there exist no comparable surveys of
homoeologous gene evolution in other plant polyploids,
a number of studies have demonstrated dramatic genetic
and epigenetic changes immediately after polyploidy in
some plant groups (Song et al. 1995; Feldman et al. 1997;
Liu, Vega, and Feldman 1998; Liu et al. 1998; Comai et al.
2000; Ozkan, Levy, and Feldman 2001; Shaked et al.
2001; Kashkush, Feldman, and Levy 2002). The present
study complements other recent analyses of polyploid
genome evolution in Gossypium (Brubaker, Paterson, and
Wendel 1999; Cronn, Small, and Wendel 1999; Liu et al.
2001) in showing that polyploidy is not accompanied by
rapid genome change. In this context we detected no cases
of gene loss or gene conversion, and rate evolutionary rate
enhancements, if real, are only modest. Similar relative
genomic stasis has been reported for the young allopoly-
ploid grass, Spartina anglica (Baumel, Ainouche, and
Levasseur 2001), and Brassica juncea (contra Song et al.
1995; Axelsson et al. 2000). As suggested here for
Gossypium, it will be of interest to explore whether silent
substitution rates for single-copy nuclear genes are
elevated relative to their diploid progenitors in allopoly-
ploid systems that are subject to genomic instability, such
as in Aegilops/Triticum and Brassica.
Modern Diploids and the Ancestors of Polyploid Cotton
Ever since the discovery that tetraploid Gossypium
species contain two different genomes, investigators have
attempted to address the question of parentage; that is,
which of the modern species of A-genome and D-genome
diploids best serve as models of the progenitor genome
donors? Over the decades, a diverse array of tools have
addressed this question (reviewed in Wendel and Cronn
2003), collectively demonstrating that the best extant
models of the ancestral genome donors are G. arboreum
and G. herbaceum (A-genome) and G. raimondii (D-
genome). Cytogenetic and segregation data suggested that
the A-genome of allopolyploid cotton is more similar to
that of the A-genome diploids than the D-genome of the
allopolyploid is to that of the D-genome diploids. For
example, in synthetic allohexaploids formed between
diploid and allopolyploid cotton, multivalent frequencies
are higher and genetic segregation more closely approx-
imates autotetraploid ratios for A-genome chromosomes
than for D-genome chromosomes (Gerstel and Phillips
1958; Phillips 1964). Subsequent data from many sources
has confirmed this observation (Wendel and Cronn 2003).
Cronn, Small, and Wendel (1999) quantified these
relationships using 14,705 nt of sequence information for
16 nuclear loci isolated from the D-genome diploid
G. raimondii, the A-genome diploid G. arboreum (or G.
herbaceum), and the AD-genome tetraploid G. hirsutum,
much as in the present study but with a smaller sampling
of genes. Sequence divergence between the diploids and
their corresponding genomes in the allopolyploid were
0.68% and 1.05% for the A-genomes and D-genomes,
respectively. The present study confirms and extends this
understanding: Kimura two-parameter genetic distances
between A and At and between D and Dt are 0.007 and
0.010, respectively (table 2), and this same quantitative
relationship is captured in the branch lengths of figure 2
(222 versus 335 total substitutions distinguishing the two
genomes in the A and D clades, respectively). Thus, G.
arboreum and G. herbaceum may be thought of as an
approximately 50% better model of the progenitor
A-genome diploid than G. raimondii is of the D-genome
diploid.
Gene Evolution, the Molecular Clock, and
the Age of Polyploidy in Gossypium
Abundant evidence establishes that the five species
of tetraploid cottons are allopolyploids containing
one genome similar to those found in the Old World,
A-genome diploids, and a second genome like those of the
New World, D-genome diploids (reviewed in Wendel and
Cronn 2003). Because the two parental genome groups
exist in diploid species that presently occupy different
hemispheres, the question of how and when allopolyploid
cotton formed has stimulated discussion for more than 50
years. Some authors have suggested that Gossypium had
an ancient, perhaps Cretaceous origin, due to its global
distribution and high level of cytogenetic and morpholog-
ical diversity, whereas others have invoked a origin of
allopolyploids in agricultural times, forwarding a scenario
that involved human transfer of an African or Asiatic
A-genome cultigen to the New World, followed by deli-
berate or accidental hybridization with a wild D-genome
species. These speculations and others, which encompass
proposals ranging from a Cretaceous (60 to 100 MYA) to
a recent (6,000 years ago) origin, are discussed at length in
Wendel and Cronn (2003).
DNA sequence data have uniformly supported the
view that allopolyploid Gossypium originated prior to the
evolution of modern humans but relatively recently in
geological terms, perhaps during the Pleistocene 1 to
2 MYA (Wendel 1989; Seelanan, Schnabel, and Wendel
1997; Small et al. 1998; Cronn, Small, and Wendel 1999).
Cronn, Small, and Wendel (1999), in a study of 16 low-
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copy nuclear sequences, reported that mean sequence
divergence between the diploids and their counterparts in
the allopolyploid averaged 0.68% and 1.05%, respectively,
for the A-genome and D-genome comparisons. Similar
values (Ksil 5 0.7% and 1.1%, respectively; Ks 5 0.9%
and 1.1%, respectively [table 3]) were obtained in the
present study using a mean rate based on three times as
many genes. Relative rate tests revealed no evidence of
lineage-specific effects, so this source of potential error in
molecular clock applications is minimized.
This leaves clock calibration as the most troublesome
source of error in estimating divergence dates. Although
rates of synonymous site evolution have been estimated
for several plants using a small sample of genes (2.6 3
1029 2 1.5 31028 substitutions/synonymous site/year
[Morton, Gaut, and Clegg 1996; Gaut 1998; Koch,
Haubold, and Mitchell-Olds 2000]), little is known about
the general utility of these estimates. To the extent that
they are applicable, and given that generation time is
negatively correlated with molecular evolutionary rates
(Gaut 1998) and that wild Gossypium species are long-
lived perennials, it is likely that the more appropriate end
of the spectrum to use is the slower rates. To estimate
the age of allopolyploid formation, the values for the
A-genome listed above are the most relevant, noting that
these data will provide the maximum age of Gossypium
allopolyploids. This is because modern A-genome diploid
cottons may not be the direct descendants of the actual
genome donors. Instead, we only know that they are the
closest living model of the ancestral diploid implicated in
allopolyploid formation.
Using the formula T 5 K/2r, where K equals
divergence amount (Ksil, Ks from table 3) and r
corresponds to the rate of divergence for nuclear genes
from plants (2.6 3 1029 substitutions/site/year), we
estimate that allopolyploids formed 1.3 to 1.7 MYA,
depending on whether silent (synonymous plus non-
coding) or just synonymous sites are used in the
calculation. Hence, it seems probable that Gossypium
allopolyploids formed in the Mid-Pleistocene, circa 1 to
2 MYA, as suggested by other authors using different
criteria (Wendel and Cronn 2003). Extending the analysis
to the diploids, we estimate that the A-genome and
D-genome lineages diverged from one another 6.0 to
7.3 MYA and that Gossypium last shared a common ances-
tor with its closest relatives (Gossypioides and Kokia) 11.3
to 14.2 MYA. Thus, the two diploid genomes, A and D,
experienced approximately 5 Myr of evolution in isolation
from one another prior to their reunion at the time of
polyploid formation during the Pleistocene.
Several sources of error remain unaccounted for in
the foregoing calculations, and clearly clock calibration
remains an important consideration. For example, if the
less likely (in our opinion) faster rate estimates reported
above (1.53 1028 substitutions/synonymous site/year) are
used, polyploid formation may be estimated to have
occurred as recently as 230,000 to 300,000 years ago.
Using 48 genes, however, and establishing rate homoge-
neity in the taxa under study, lends a degree of confidence
to the interpretation offered that polyploid formation is of
mid-Pleistocene age. Additional insight into the accuracy
of this inference will require more data on absolute rates of
synonymous site divergence, which remain the largest
single source of possible error.
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